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ABSTRACT
Here, we report the first example that one enantio-
mer of a supramolecular cylinder can selectively
stabilize human telomeric G-quadruplex DNA. The
P-enantiomer of this cylinder has a strong prefer-
ence for G-quadruplex over duplex DNA and, in the
presence of sodium, can convert G-quadruplexes
from an antiparallel to a hybrid structure. The com-
pound’s chiral selectivity and its ability to discrimi-
nate quadruplex DNA have been studied by DNA
melting, circular dichroism, gel electrophoresis,
fluorescence spectroscopy and S1 nuclease cleav-
age. The chiral supramolecular complex has both
small molecular chemical features and the large
size of a zinc-finger-like DNA-binding motif. The
complex is also convenient to synthesize and sepa-
rate enantiomers. These results provide new
insights into the development of chiral anticancer
agents for targeting G-quadruplex DNA.
INTRODUCTION
Human telomeres are essential structures composed of
telomeric DNA and telomere-binding proteins located at
the ends of every human chromosome. There exists a very
strong relationship between maintaining telomeres and
tumor progression. Telomere quadruplexes, telomere-
speciﬁc proteins and associated enzymes are attractive
drug targets for cancer chemotherapy and for modulation
of gene transcription (1–8). A number of small molecules
have been reported to eﬃciently stabilize G-quadruplex
DNA, and recently some metal complexes as
G-quadruplex DNA stabilizers were reported (4,9–12).
However, to our knowledge, there is no report to show
that one of the enantiomers of a chiral compound can
selectively stabilize G-quadruplex. We report here that
chiral metallo-supramolecular complexes can discriminate
G-quadruplex DNA. Only one enantiomer can stabilize
human telomeric G-quadruplex DNA and convert anti-
parallel G-quadruplex to hybrid structure in sodium.
Chiral recognition of DNA has been considered important
for rational drug design and for structural probes of
DNA conformation, such as B–Z DNA transition
(13,14). G-quadruplexes are important targets for drug
design; therefore, the chiral supramolecular complex
reported here may be a potential drug candidate targeting
towards G-quadruplex DNA.
MATERIALS AND METHODS
Chemicals and reagents
DNA oligomers, 50-AGGGTTAGGGTTAGGGTTAGG
G-30 (human telomeric G-quadruplex, "260=228500M
 1
cm
 1/strand), its complementary strand 50-CCCTAACCC
TAACCCTAACCCT-30 (i-motif, "260=193700M
 1
cm
 1/strand) and ﬂuorescent analogs 50-Fluoro-A
GGGTTAGGGTTAGGGTTAGGG-30, 2-aminopurine
(2-Ap)-labeled individual sequence on TTA loop in
three diﬀerent positions, 50-TTTTGGGGTTTTGGG
GTTTTGGGGTTTTGGGG-30 ("260=293800M
 1
cm
 1/strand), 50-GGGGTTGGGGTTGGGGTTGGG
G-30 ("260=213400M
 1cm
 1/strand), 50-TGGGGT-30
("260=57800M
 1cm
 1/strand) were purchased from
Sangon (Shanghai, China) and used without further pur-
iﬁcation (7,8). Concentrations of these oligomers were
determined by measuring the absorbance at 260nm after
melting (8,13). Extinction coeﬃcients were estimated by
the nearest neighbor method by using mononucleotide
and dinucleotide values. All the experiments were carried
out in 10mM Tris buﬀer (100mM NaCl, pH 7.2) unless
stated otherwise. Calf thymus DNA (CT-DNA) was
obtained from Sigma (St Louis, MO, USA) and puriﬁed
as described earlier (8,13). The concentration was deter-
mined by ultraviolet absorbance measurements using the
extinction coeﬃcient (4): "260=12824M
 1cm
 1.
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and [M2L3]Cl4 (M=Ni or Fe) were synthesized following
literature methods (15–17). Electrospray ionization mass
spectra were recorded on a Finnigan LCQ ion trap
mass spectrometer (ThermoFinnigan, San Jose, CA,
USA). Element analysis was carried out on Elementar
Aanlysensysteme GmbH Vario EL (HAMAU,
Germany).
1HNMR spectra were carried out on a Bruker
Avance 600MHz NMR Spectrometer (8). [Ni2L3](PF6)4,
ESI-MS (CH3CN): m/z 311.7 ([Ni2L3]
4+); elemental anal-
ysis: calculated percentage: C, 49.27; H, 3.29; N, 9.20;
found percentage: C, 49.48; H, 3.32; N, 9.17.
[Fe2L3](PF6)4, ESI-MS (CH3CN): m/z 310.4 ([Fe2L3]
4+),
420.1 ([Fe2L3(F)]
3+), 1675.5 ([Fe2L3(PF6)3]
+); elemental
analysis: calculated percentage: C, 49.0; H, 3.6; N, 8.9;
found percentage: C, 49.0; H, 3.1; N, 8.7;
1HNMR
(600MHz, CD3CN, 25
8C): d=8.96 (2H, s, Hi), 8.61 (2H,
d, H3), 8.44(2H, t, H4), 7.81(2H, t, H5), 7.39(2H, d, H6),
7.00(4H, br s, Hph), 5.59 (4H, br s, Hph), 4.08 (2H, s, CH2
spacer). The racemic [M2L3]Cl4 was concentrated by lyo-
philization and enantiomerically pure material was
obtained by using a cellulose ( 20m, Aldrich, Steinheim,
Germany, lot: 03016MB-444) column and eluting with
20mM NaCl aqueous solution (17). UV–Vis spectroscopy
was used to determine the enantiomer concentration and
CD spectra of the two enantiomers prepared at the same
concentration were used to estimate their purity (13,17).
The samples of puriﬁed M- and P-enantiomer were col-
lected and freeze-dried, respectively for future use.
Absorbance andUV melting
Absorbance measurements and melting experiments were
carried out on a Cary 300UV/Vis spectrophotometer
equipped with a Peltier temperature control accessory.
All UV/Vis spectra were measured in 1.0-cm path-length
cell with the same concentration of corresponding metal
complex aqueous solution as the reference solution.
Absorbance changes at either 260nm or 295nm versus
temperature were collected (8,13) at a heating rate of
18C min
 1.
Circulardichroism measurements
Circular dichroism (CD) spectra and CD melting experi-
ments were carried out on a JASCO J-810 spectropola-
rimeter equipped with a temperature controlled water
bath (7,8,13). The optical chamber of CD spectrometer
was deoxygenated with dry puriﬁed nitrogen (99.99%)
for 45min before use and kept the nitrogen atmosphere
during experiments. Three scans were accumulated and
automatically averaged. The various concentration of
M- or P-cylinder was scanned (8,13) as a control and
subtracted from the spectra of metal cylinder/DNA mix-
ture to eliminate its inﬂuence on DNA CD signal between
340 and 220nm.
Fluorescence measurements
Fluorescence measurements were carried out on a JASCO
FP-6500 spectroﬂuorometer at 208C. Fluorescence spectra
of 2-Ap-labeled G-quadruplex DNA were measured by
using an excitation wavelength of 305nm and recorded
from 320nm to 500nm in the absence or presence of dif-
ferent amount of metal cylinder (8,13). The concentration
of 2-Ap-labeled G-quadruplex DNA was ﬁxed at 1mMi n
strand.
Gel electrophoresis and S1nuclease cleavage
Native gel electrophoresis was carried out on acrylamide
gel (20%) and run at 48C, 12.5Vcm
 1 in 1   TB buﬀer
containing 10mM NaCl or 10mM KCl and was silver
stained.
S1 nuclease digestion and PAGE using ﬂuorescent oli-
gonucleotide were carried out as described previously (8).
Reaction mixtures contained S1 buﬀer and 3U of S1
nuclease. The samples of 50-ﬂuorescein-labeled oligomer
(5ml 10mM), and the mixtures of 50-ﬂuorescein-labeled
oligomer–metal complex were incubated before initiating
digestion at 378C by adding S1 nuclease and Zn
2+. After
5min, digestions were stopped by adding 4ml of stop
buﬀer (70% formamide/57mM EDTA, pH 7.5) and
then freezing. The frozen samples were treated with 1ml
of formamide, heated at 958C for 3min. They were loaded
on a 20% denaturing gel electrophoresis containing
7M urea and electrophoresed at room temperature at
20Vcm
 1.
RESULTS AND DISCUSSION
Enantioselectivity and discrimination between quadruplex
and duplex DNA
Supramolecular chemistry has been described as an infor-
mation science (18,19). It provides an excellent methodol-
ogy for designing large synthetic compounds targeting
DNA major groove (20,21), because the compound can
have similar size like DNA-binding protein recognition
motifs (such as zinc ﬁngers or a-helices) and multiple
cationic charges favoring the noncovalent binding to
anionic DNA. The chiral compound we used, [M2L3]
4+
(M=Ni
2+ or Fe
2+), has a bimetallo triple helicate struc-
ture (15–17). Structures and CD spectra of the two pairs
of enantiomers, M and P, are shown in Figure 1. Each
enantiomer has a hydrophobic surface and a size (15–17)
(length  18A ˚ , diameter  8A ˚ ) compatible with G-quartet
[length  14A ˚ , width (22)  11A ˚ ], and the positive charged
triple helical structure has the potential to interact with the
loops and grooves of G-quadruplex, which has been pro-
posed for zinc-ﬁnger protein and macrocyclic and helical
oligoamides binding (6,23).
The chiral selectivity on stabilization of human telo-
meric G-quadruplex DNA by [Ni2L3]
4+-M and
[Ni2L3]
4+-P enantiomer is remarkable (Figure 2).
Nonﬂuorescent-labeled DNA UV melting studies (7,8)
directly demonstrate that P-enantiomer can increase
G-quadruplex melting temperature (Tm)1 0 8C at 1:1
ratio of [complex]/[DNA], but M cannot increase Tm
even at higher ratio (Figure 2). For i-motif DNA and
G-quadruplex/i-motif complementary duplex DNA (4)
(Figure 2), the two enantiomers do not show chiral selec-
tivity. Both of them destabilize i-motif DNA and do not
inﬂuence G-quadruplex/i-motif duplex DNA stability.
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4+-P enantiomer shows the same chiral selectiv-
ity on G-quadruplex as [Ni2L3]
4+-P enantiomer (Table 1).
This indicates that P-enantiomer has stronger selectivity to
G-quadruplex than M and the diﬀerent central metal ion,
Fe
2+ or Ni
2+, does not alter their chiral selectivity. We
also studied the eﬀect of ligand L on DNA stability. As
shown in Table 1, clearly, ligand L does not aﬀect DNA
stability (Table 1) under our experimental conditions.
Both [Ni2L3]
4+ and [Fe2L3]
4+ enantiomers can slightly
increase CT-DNA Tm, about 0.58C for [Ni2L3]
4+ and
18C for [Fe2L3]
4+ enantiomers in 100mM NaCl, 10mM
(pH 7.2) Tris buﬀer (24), demonstrating that [Ni2L3]
4+-P
enantiomer has even stronger preference to G-quadruplex
than [Fe2L3]
4+-P enantiomer, and the diﬀerence may be
due to their subtle structural diﬀerences (15–17).
[Ni2L3]
4+-P enantiomer has a more than 20-fold selectiv-
ity for G-quadruplex over duplex DNA (4), and the selec-
tivity is general, better than BRACO-19 (4), a lead
G-quadruplex-interactive molecule which can inhibit
tumor growth in vivo and has been in clinical trials.
The chiral selectivity of the two enantiomers binding to
human telomeric G-quadruplex is further studied by gel
electrophoresis (Figure 3). In the presence of P-enantio-
mer, a new band with mobility slower than that of
G-quadruplex DNA alone was observed. The retarded
migration is due to the molecular weight/charge
[Ni2L3]4+ enantiomer                               [Fe2L3]4+ enantiomer
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Figure 1. (A) Structures of the M-enantiomer (left) and P-enantiomer (right) of [Ni2L3]
4+ cation. Nickel: gray; nitrogen: yellow; carbon atoms in
three ligand L are shown in red, green and blue, respectively. Hydrogen atoms are omitted for clarity. The crystal data of [Ni2L3]
4+ are from the
Cambridge Crystallographic Data Centre CCDC 182/570 (15). (B) Structures of the M-enantiomer (left) and P-enantiomer (right) of [Fe2L3]
4+
cation. Iron atoms are in purple, other atoms are the same as in [Ni2L3]
4+. The crystal data of [Fe2L3]
4+ are from the Cambridge Crystallographic
Data Centre CCDC 622770 (16). (C) CD spectra of the M-enantiomer (black) and P-enantiomer (red) of [Ni2L3]
4+;( D) CD spectra of the
M-enantiomer (black) and P-enantiomer (red) of [Fe2L3]
4+. The CD spectra are measured at the concentration of 10mM for each enantiomer in
100mM NaCl, 10mM Tris buﬀer (pH 7.2).
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Figure 2. Plot of DNA stabilization temperature versus the concentra-
tion of [Ni2L3]
4+-P (ﬁlled symbols) or [Ni2L3]
4+-M (open symbols)
binding to G-quadruplex (black squares), G-quadruplex/i-motif com-
plementary duplex (red circles) and i-motif DNA (green diamonds).
Insert: UV melting proﬁles of G-quadruplex DNA (1mM/strand) in
the absence (blue) or presence of 1mM P-enantiomer (cyan) or
M-enantiomer (magenta) in 10mM Tris buﬀer containing 100mM
NaCl, pH 7.2.
Nucleic Acids Research, 2008, Vol. 36, No. 17 5697contribution of supramolecule to supramolecule–quadru-
plex complex (25). While in the presence of M-enantiomer,
no delayed band was observed (Figure 3). These results
are in accordance with DNA melting data (Figure 2).
To our knowledge, supramolecular [Ni2L3]
4+ complex
binding to any DNA has not been reported. Hannon and
co-workers (26) have shown that both [Fe2L3]
4+-M and
[Fe2L3]
4+-P can increase CT-DNA Tm > 108C at low-salt
concentration (20mM NaCl, 1mM cacodylate buﬀer, pH
6.8) and M-enantiomer has even stronger eﬀect (26,27).
Their recent studies compellingly demonstrate that
the same helicates recognize speciﬁc DNA three-way junc-
tions (28,29), and also show anticancer activity (30).
Inspired by these ﬁndings, we focus on [Ni2L3]
4+ enantio-
mers binding to DNA and ﬁnd their chiral selectivity to
G-quadruplex. At physiological salt concentration as we
used (100mM NaCl, 10mM Tris buﬀer, pH 7.2), M and P
can only slightly increase CT-DNA Tm. It should be
pointed out that this diﬀerence can be due to the diﬀerent
experimental conditions. We use higher ionic strength
which can decrease the positively charged complex bind-
ing to duplex DNA. This indicates that the electrostatic
eﬀect is playing an important role for this complex binding
to duplex DNA major groove (26), while the chiral
selectivity is essential when the complex binding to
G-quadruplex (Figure 2). According to G-quadruplex
melting data measured under diﬀerent ionic strength
conditions (Figure 4), and the equation (31):
ð H0=RÞ ½ dðT 1
m Þ=dðlnCÞ  ¼ 0:9   nNaþ, where the
values of H
0 are calculated (8) from the melting
curves (H
0
G-DNA, H
0
G-DNA-M and H
0
G-DNA-P, are
157.3 0.2,  145.6   0.6 and  135.7   0.5kJmol
 1 for
G-quadruplex DNA alone, G-quadruplex DNA with
M- or P-enantiomer, respectively), the number of
sodium ion releasing (31) is calculated about 1.8 sodium
no matter in the absence or presence of the enantiomer,
consistent with G-quadruplex DNA NMR analysis (32).
Therefore, M and P binding to G-quadruplex do not lead
to more sodium ion release.
Modeof binding
2-Ap ﬂuorescence modiﬁed in diﬀerent loops (Table 2) has
been widely used to verify the mode of ligand binding to
G-quadruplex (33) and i-motif DNA (8). Our results show
that P-enantiomer can decrease 2-Ap ﬂuorescence (8,33)
and the decrease follows the order: A7 A19>A13
(Figure 5A). This indicates that P-enantiomer may prefer-
entially bind to the end of G-quartet by external stacking
(2,33,34) and leads to the decrease of 2-Ap ﬂuorescence (8)
labeled in the two lateral loops (A7 and A19), which
is consistent with a breakpoint observed at 1:1 binding
ratio (Figure 6) in CD titrations (18). The interactions
of the positive charged triple helical structure with
the two lateral loops, grooves and DNA backbone
(6,23,26) can further stabilize P-enantiomer binding.
Figure 3. Native gel electrophoretic analysis (20% PAGE) of human
telomeric d[AG3(T2AG3)3] in the presence of various concentration of
[Ni2L3]
4+ (A and C) and [Fe2L3]
4+ (B and D). The gels were run in TB
buﬀer with 10mM NaCl (A and B) or 10mM KCl (C and D). Lane 1
was the DNA alone. Samples of lanes 2–4 were prepared as DNA with
P-enantiomer at the ratios of 2:1, 1:1 and 2:3. Samples of lanes 5–7
were prepared as DNA with M-enantiomer at the ratios of 2:1, 1:1
and 2:3.
Table 1. Stabilization temperature (Tm) of G-quadruplex DNA,
i-motif DNA, dsDNA (G-quadruplex/i-motif complementary duplex
DNA) and CT-DNA by ligand (L, 3mM), M-enantiomer (M, 1mM)
and P-enantiomer (P, 1mM) of [Ni2L3]
4+ and [Fe2L3]
4+, respectively,
in 10mM Tris buﬀer containing 100mM NaCl at pH 7.2 or pH 5.5 (for
i-motif DNA melting studies)
Compound Tm (8C)
G-quadruplex i-motif dsDNA CT-DNA
L0  0.5 0 0
[Ni2L3]
4+-M 0  2.5 0 0.7
[Ni2L3]
4+-P 10.6  2.8 0 0.5
[Fe2L3]
4+-M 0  2.2 0 1.3
[Fe2L3]
4+-P 10.8  2.8 0 1.0
The DNA concentration was 1mM/strand or in equivalent concentra-
tion for dsDNA.
5698 Nucleic Acids Research, 2008, Vol. 36, No. 17Nonlinear least-squares analysis of the ﬂuorescence titra-
tion data (8) of A7 or A19 by P-enantiomer yielded an
association constant of 2.6 0.6 10
7M
 1 (Table S1).
For M-enantiomer, its binding hardly decreases the 2-Ap
ﬂuorescence modiﬁed in any of the three loops (Figure 5A),
and a breakpoint was observed at 1.67:1 binding ratio
in CD titrations (Figure 6). These results indicate that
M-enantiomer, like terbium–amino acid complex (34),
maytakeelectrostatic nonspeciﬁcbindingtoG-quadruplex
which binding mode has been proposed by Hurley group
and ours (3,34). The diﬀerent binding mode of the two
enantiomers is further supported by S1 nuclease diges-
tion (8). Figure 5B shows the enzyme cleavage patterns of
50-ﬂuorescein-labeled quadruplex DNA after S1 nuclease
digestion (8). Digestion by S1 nuclease resulted in three
major cleavages (lane 2, DNA alone) occurred at three
loops (8), consistent with previous studies on i-motif
DNA (8) and c-myc promoter cleavage (35). In the pres-
ence of P-enantiomer, the amount of the cleavage at 50-end
(band 4) and at 30-end (band 2) decreased dramatically
while the cleavage at the diagonal loop (band 3) was
hardly inﬂuenced. In the presence of M-enantiomer, the
cleavage pattern was almost the same as that of DNA
alone. This is in accordance with the 2-Ap ﬂuorescence
results and further supports that P-enantiomer may bind
to the end of G-quartet by external stacking and contact
with the two lateral loops.
Discrimination between quadruplexes
We also studied another two distinct telomeric G-quadru-
plex DNA: tetrahymena G4(T2G4)3, a monomeric hybrid
structure (37) and oxytricha telomeric DNA (T4G4)4,a
monomeric antiparallel structure (38), and compared
with human telomeric G-quadruplex DNA in sodium
and in potassium (39,40) buﬀer (Table 3). Clearly, no
matter in the presence of sodium or potassium, both
M- and P-enantiomers destabilize these two telomeric
DNA without chiral selectivity. The results of gel electro-
phoresis (Figure S1) show that there are no new bands
emerged in the case of tetrahymena or oxytricha telomeric
DNA with either M- or P-enantiomer indicating that the
two enantiomers bind weakly to the two DNA. These
results demonstrate that P-enantiomer is capable of dis-
criminating between quadruplexes (Figure S1). We also
examined the interactions of M- and P-enantiomer with
a parallel-stranded tetramolecular quadruplex TG4T (41)
by means of CD melting and gel electrophoresis. Both
M- and P-enantiomer binding destabilized the quadruplex
stability (Figure S2A), and no new band was observed in
the gel (Figure S2B). The enantiomer binding to unfolded
quadruplexes and the detailed destabilization mechanism
are not clear yet and we are undertaking further studies.
The results presented here indicate that the chiral selective
stabilization of human telomeric G-quadruplex is not only
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Figure 5. Fluorescence changes and S1 digestion of human telomeric
G-quadruplex in the presence of chiral metal complexes. (A) Plot
of ﬂuorescence intensity at 370nm of 2-Ap individually labeled
G-quadruplex versus binding ratio of complex/DNA in 100mM
NaCl, 10mM Tris buﬀer (pH 7.2). Closed squares (black),
[P-[Ni2L3]
4+]/[A7]; closed circles (red), [P-[Ni2L3]
4+]/A13; closed trian-
gles (green), [P-[Ni2L3]
4+]/[A19]; open squares (blue), [M-[Ni2L3]
4+]/
[A7]; open circles (cyan), [M-[Ni2L3]
4+]/[A13]; open triangles
(magenta), [M-[Ni2L3]
4+]/[A19]. DNA concentration was ﬁxed at
1mM/strand. (B) Image of ﬂuorescent denaturing PAGE (20%) after
S1 digestion. Lane 1, untreated 50-ﬂuorescein-labeled 22-mer
AG3(T2AG3)3; Lane 2, S1-treated DNA; Lanes 3–5, S1 treated the
mixture of DNA with P-[Ni2L3]
4+ at the ratio of 2:1, 1:1 and 2:3;
Lanes 6–8, S1 treated the mixture of DNA with M-[Ni2L3]
4+ at the
ratio of 2:1, 1:1 and 2:3.
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Figure 4. Variation of the reciprocal melting temperature for
G-quadruplex in the absence (black squares) or presence of
[Ni2L3]
4+-P (red circles) and [Ni2L3]
4+-M (blue uptriangles) with the
logarithm of NaCl concentration in 10mM Tris buﬀer (pH 7.2).
Table 2. Sequences of ﬂuorescent analogs of human telomeric
G-quadruplex DNA labeled by 2-Ap in three TTA loops
Labeled position Sequence
A7 50-AGGGTT(2-Ap)GGGTTAGGGTTAGGG-30
A13 50-AGGGTTAGGGTT(2-Ap)GGGTTAGGG-30
A19 50-AGGGTTAGGGTTAGGGTT(2-Ap)GGG-30
Nucleic Acids Research, 2008, Vol. 36, No. 17 5699related to G-quadruplex topology, but also related to the
sequence and the loop constitution. Furthermore, we
extend our work by investigating the eﬀect of the 50-o r
30-ﬂanking sequence of human telomeric G-quadruplex
(42) on the chiral selectivity of the enantiomers. As
shown in Table 3, for DNA alone, its stability is decreased
with longer ﬂanking sequence. However, ﬂanking
sequence does not inﬂuence P-enantiomer chiral selectivity
either in sodium or in potassium buﬀer (Table 3). This
demonstrates that the 50-o r3 0-end capping sequence
(42) does not inﬂuence P-enantiomer binding to the end
of G-quartet (Scheme 1) by external stacking further
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Figure 6. (A) CD titration of d[AG3(T2AG3)3] with [Ni2L3]
4+-P in 100mM NaCl, 10mM Tris buﬀer (pH 7.2) at 208C. The concentration of
[Ni2L3]
4+-P was varied from 0mMt o3 mM. (B) The change in ellipticity at 265nm with increased concentration of [Ni2L3]
4+-P derived from the
CD titration, a breakpoint was observed at 1:1 ratio. DNA concentration was 1mM/strand. (C) CD titration of d[AG3(T2AG3)3] with [Ni2L3]
4+-M in
100mM NaCl, 10mM Tris buﬀer (pH 7.2) at 208C. The concentration of [Ni2L3]
4+-M was varied from 0 to 3mM. (D) The change in ellipticity at
265nm with increased concentration of [Ni2L3]
4+-M derived from the CD titration, a breakpoint was observed at 1.67:1 ratio. DNA concentration
was 1mM/strand.
Table 3. Stabilization eﬀect of [Ni2L3]
4+-M (M) and [Ni2L3]
4+-P (P) on diﬀerent telomeric G-quadruplex DNA in 10mM Tris, 100mM NaCl
(or 10mM KCl), pH 7.2 buﬀer
DNA sequence In sodium buﬀer In potassium buﬀer
Structure DNA
Tm
DNA+M
Tm (8C)
DNA+P
Tm (8C)
Structure DNA
Tm
DNA+M
Tm (8C)
DNA+P
Tm (8C)
22mer-AG3(T2AG3)3 Human Telomeric
Repeat, Antiparallel
36
59.6 0 10.6 Human Telomeric
Repeat, Hybrid
54.6 11.7 19.8
22mer- G4(T2G4)3 Tetrahymena Telomeric
Repeat, Hybrid
37
62.2  3.1  1.9 Tetrahymena Telomeric
Repeat, Hybrid
39
77.6  4.4  5.0
32mer-(T4G4)4 Oxytricha Telomeric
Repeat, Antiparallel
38
62.8  5.0  5.0 Oxytricha Telomeric
Repeat, Antiparallel
40
86.9  6.0  5.7
26mer AA-AG3(T2AG3)3-AA Antiparallel 47.5  0.8 10.2 Hybrid
42 61.8 7.0 18.8
26mer TT-AG3(T2AG3)3-TT Antiparallel 52.6 0 9.8 Hybrid
42 59.8 5.2 14.1
24mer T-AG3(T2AG3)3-T Antiparallel 54.3  0.2 9.2 Hybrid
42 66.6 5.1 13.2
Meltings of human telomeric G-quadruplex DNA with diﬀerent ﬂanking sequences on the 50 and 30 terminus were measured in 10mM Tris, 100mM
NaCl (or 100mM KCl), pH 7.2 buﬀer. M- or P-enantiomer was ﬁxed at 1mM. DNA concentration was 1mM/strand. The bold data serves as
telomeric DNA reference.
5700 Nucleic Acids Research, 2008, Vol. 36, No. 17supporting the 2-Ap ﬂuorescence results (8,33) and S1
nuclease cleavage data.
Human telomeric G-quadruplex DNA is polymorphic,
which can form an antiparallel structure (7,36) in the
presence of sodium or adopt a hybrid structure in
the presence of potassium. With addition of DNA
equimolar M- or P-enantiomer in sodium, unexpectedly,
P-enantiomer binding can induce DNA positive CD band
intensity signiﬁcantly increased and shifted from 295 to
290nm. The negative band intensity simultaneously
decreased and shifted from 265 to 256nm (Figure 7, red
line). This phenomenon is similar to the structural transi-
tion of quadruplex alone occurred in Na
+ buﬀer titrated
(23) by K
+ (Figure 7, cyan line). Besides, similar
G-quadruplex CD spectra were observed upon P-enantio-
mer binding no matter in Na
+ or in K
+ buﬀer
(Figure S3). It should be pointed out that the CD band
of the enantiomers at longer wavelength does not change
when binding to G-quadruplex. As for M-enantiomer,
its binding can just decrease the negative band intensity
at 265nm without band shift and cannot increase the posi-
tive band intensity (Figure 7, green line). However, the 1:1
mixture (13) of M and P (Figure 7, blue line) shows the
same eﬀect as P-enantiomer does. These results indicate
that only P-enantiomer can convert G-quadruplex
(Scheme 1) from antiparallel to hybrid structure (42), simi-
lar to previous reports that Se2SAP and TMPYP4 prefer
antiparallel/parallel hybrid structure (3), but in contrast
with telomestatin and macrocylic and helical oligoamides
(23), which favor the antiparallel structure. DNA UV
melting studies in K
+ buﬀer (Figure 8) further support
that P-enantiomer prefers the hybrid structure over
M because P-enantiomer can increase Tm 208C and
M-enantiomer can only increase Tm 128C. The diﬀerence
in Tm increase shows P-enantiomer chiral preference even
in K
+ buﬀer. This can be the reason why P-enantiomer
binding can drive G-quadruplex from antiparallel to
hybrid structural transition in Na
+ while M binding
cannot. Gel electrophoresis (Figure 3B) and 2-Ap ﬂuores-
cence titration data (Figure S4) obtained in K
+ buﬀer
further demonstrate that P-enantiomer prefers hybrid
structure over M no matter in Na
+ or in K
+ buﬀer.
Our preliminary data in cancer cells indicate that the
two enantiomers show telomerase inhibition (Figure S5),
and inﬂuence telomere shortening, b-galactosidase
activity and upregulation of cyclin-dependent kinase
(CDK) inhibitors p16 and p21 (data not shown),
further studies are undergoing and will be reported in
due course.
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Figure 8. The melting proﬁles of human telomeric G-quadruplex
(1mM/strand) in the absence (black) or presence of 1mM M (red) or
P-enantiomer (blue) of [Ni2L3]
4+ (A) and [Fe2L3]
4+ (B) in 10mM KCl,
10mM Tris buﬀer, pH 7.2.
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Figure 7. CD spectra of human telomeric DNA d[AG3(T2AG3)3]
(1mM/strand) in the absence (black) or presence of 1mM P-enantiomer
(red), 1mM M-enantiomer (green), 1:1 mixer (blue) of M and P and
2mM K
+ (cyan) in 10mM Tris, 10mM NaCl, pH 7.2 buﬀer. CD
spectra are obtained by individual background subtraction.
Scheme 1. Representative illustration of chiral supramolecular complex
selective recognition of human telomeric G-quadruplex DNA.
Nucleic Acids Research, 2008, Vol. 36, No. 17 5701CONCLUSIONS
In summary, we report here that one of the enantiomers of
a chiral metal complex is capable of discriminating
between quadruplexes. The P-enantiomer selectively
stabilizes human telomeric G-quadruplex DNA and can
convert G-quadruplex from antiparallel to hybrid
structure in sodium showing remarkable chiral preference.
These ﬁndings will prompt the rational design and
discovery of chiral anticancer agents targeting towards
G-quadruplex DNA.
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